HERPETOLOGICAL MONOGRAPHS
THE nature of the phylogenetic relationships among the three living orders of amphibians has received much attention in recent years. However, aside from the demonstration of the monophyly of the Lissamphibia by molecular data (Hedges et al., 1990) , sister group relationships among the Anura (frogs), the Caudata (salamanders), and the Gymnophiona (caecilians) have not been resolved definitively. Moreover, there is still considerable discussion regarding the familial branch-THE nature of the phylogenetic relationships among the three living orders of amphibians has received much attention in recent years. However, aside from the demonstration of the monophyly of the Lissamphibia by molecular data (Hedges et al., 1990) , sister group relationships among the Anura (frogs), the Caudata (salamanders), and the Gymnophiona (caecilians) have not been resolved definitively. Moreover, there is still considerable discussion regarding the familial branching relationships within each of the three orders (Duellman and Trueb, 1986) .
The first temnospondyls appeared in the Paleozoic, and the earliest known frogs and salamanders are from the Jurassic (Bolt, 1991) . Due to their great age and relatively sparse fossil record, it was apparent to us that molecular data were needed to examine questions concerning phylogenetic relationships of living amphibians objectively. Our earlier work using sequence data, primarily from the nuclear 18S riing relationships within each of the three orders (Duellman and Trueb, 1986) .
The first temnospondyls appeared in the Paleozoic, and the earliest known frogs and salamanders are from the Jurassic (Bolt, 1991) . Due to their great age and relatively sparse fossil record, it was apparent to us that molecular data were needed to examine questions concerning phylogenetic relationships of living amphibians objectively. Our earlier work using sequence data, primarily from the nuclear 18S ri- bosomal RNA (rRNA) gene (Hedges et al., 1990) , supported the monophyly of the Lissamphibia, but demonstrated that this ribosomal gene evolved too slowly to resolve relationships within each of the three major amphibian orders. Accordingly, we sought a conserved gene that evolved more rapidly than the 18S rRNA gene, but not so rapidly that relationships would be obscured by multiple substitutions at each site. Mitochondrial 12S rRNA gene sequences have been used to examine phylogenetic relationships extending back over 300 million years (e.g., Meyer and Wilson, 1990) , and therefore this gene appeared to be useful for addressing lissamphibian phylogeny. In this study, we used representatives of all of the amphibian families we could obtain (including nine salamander families, four caecilian families and 20 frog families-87% of all extant lissamphibian families). The methods used to extract, amplify, and sequence the DNA are described in detail elsewhere (Hedges et al., 1991 . Portions of the mitochondrial 12S ribosomal RNA (rRNA) gene were amplified using the polymerase chain reaction (PCR) and an approximately 400 bp region of this gene was sequenced. The 12S rRNA primers are 5'-AAAAAGCTTCAAAC-TGGGATTAGATACCCCACTAT-3', and 5'-TGACTGCAGAGGGTGACGG-GCGGTGTGT-3' (Kocher et al., 1989) . Both complementary strands were sequenced using these PCR primers. Sequence data were read from autoradiograms using a digitizing program (GELIN, S. W. Schaeffer, Pennsylvania State University), and alignments were done by eye using the multisequence editing program ESEE (Cabot and Beckenbach, 1989) .
MATERIALS AND METHODS

DNA was extracted from small amounts
To analyze nucleotide sequence and length variation and construct a phylogeny, we selected the neighbor-joining algorithm (Saitou and Nei, 1987) using the computer programs of T. S. Whittam (NJOIN and NJBOOT; Pennsylvania State University). Every length difference of one or more bases was scored as a single event with two states (insertion or deletion), and these gap sites were added to the data set. Sequence variation within inserted regions was analyzed (simultaneously) by treating the gaps as ambiguities, and including the inserted region in the data matrix. The pairwise distances used in the neighbor-joining analysis were corrected for multiple hits using the standard four-state JukesCantor formula (Jukes and Cantor, 1969) for nucleotides plus a two-state correction for gap differences [-1/2 In (1 -2p), where p is the proportion of gap differences out of the total number of sites]. The programs NJOIN and NJBOOT were modified by the senior author for use with gap data. To obtain precise bootstrap confidence estimates (Felsenstein, 1985) for nodes in the tree, 2000 replications were performed (Hedges, 1992) . The bootstrap P-value is the proportion (0-100%) of resampled trees in which a particular group is defined. The statistical meaning of the bootstrap P-value was discussed by Felsenstein (1985, 1988) .
RESULTS
Approximately 380 nucleotide sites were sequenced for all 35 taxa (Fig. 1) , but only 333 of these could be aligned with confidence. Sites in regions of uncertain alignment (indicated in Fig. 1) were excluded from the analyses. There are 227 variable sites, 188 "informative" under the conditions of parsimony, and 19 gap sites. The numbers of pairwise transitions and transversions are shown in Table 1 .
Sequence divergence within the Lissamphibia is moderately high (Table 2) . It is important to correct for multiple hits in data sets where most distances exceed 10% (Nei, 1991), as in this study. Multiple-hit corrections are not possible in parsimony analysis. The alternative is to down-weight or entirely eliminate transitions, which normally reach saturation before transversions, from the parsimony analysis. There are several problems with that approach. First, elimination of transitions often results in reducing the data set by 50% or more. For small data sets such as this one (333 total sites), the resulting loss of information is too great to provide adequate resolution. Second, discarding all transitions ignores the possibility that some (or many) such sites have not undergone multiple substitution, and therefore useful data are being discarded. Third, transversions also undergo multiple substitution and accordingly, they also should be corrected.
Differential weighting of transitions and transversions in parsimony analysis suffers for the same reasons, as discussed in Hedges and Maxson (1992). Many informative transitions, such as those defining terminal nodes in the tree, are weighted equally to transitions defining basal nodes which may be convergent due to multiple substitutions. Distance corrections, on the other hand, are scaled. For these reasons, we believe the most appropriate method of analysis for our 12S rRNA sequence data is a neighbor-joining analysis of corrected distances. This method also has been shown to be efficient in computer simulations when compared with other methods (Nei, 1991). The tree resulting from this analysis is presented in Fig. 2 .
Our results show that the Lissamphibia is monophyletic (67% bootstrap P-value) and is a sister-lineage to the Amniota (as represented by humans)-a result identical to our earlier study of nuclear rRNA (Hedges et al., 1991) . All four caecilians form a well-supported monophyletic cluster with an 85% bootstrap value. The nine salamander families also form a monophyletic group (47% bootstrap value) and constitute the sister-group of the caecilians (37%). The monophyletic Anura (49%) consists of two major lineages corresponding to the suborders Archaeobatrachia (49%) and Neobatrachia (94%). Within the Neobatrachia, two clusters of families loosely corresponding to the superfamilies Bufonoidea and Ranoidea (Laurent, 1967) (Brown et al., 1982) . In this study, some transition bias is evident across all comparisons (Tables 1 and 2 ) and therefore saturation does not appear to have occurred. However, the uncorrected percent sequence divergence is moderately high (15-25% for most comparisons) stressing the importance of correcting for multiple hits in the data set (Nei, 1991).
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Lissamphibian Relationships
Historically, there has been a lack of consensus regarding the origin of the Lissamphibia, although within this lineage there has been general agreement that the frogs and salamanders are sister groups (see summary in Benton, 1990; Trueb and Cloutier, 1991) . This consensus rests upon up to nine shared derived morphological characters (Milner, 1988) , although most are absences. However, some authors have interpreted morphological data from both living and fossil amphibians as supporting a salamander-caecilian sister group relationship (Bolt, 1991 (Hedges et al., 1993) , a larger data set (1208 sites) was obtained from the 12S rRNA and 16S rRNA genes in 13 caecilian species representing ten genera and four of the six families. The Rhinatrematidae was found to be the basal lineage, with the Ichthyophiidae as a sister group to the remaining caecilians. A close relationship was found between the neotropical aquatic family Typhlonectidae and a neotropical caeciliaid (Caecilia). For that reason, the Typhlonectidae was synonymized within the Caeciliaidae, and was assigned to a separate subfamily (Typhlonectinae).
Caudata
Familial relationships within the Caudata have been addressed by Larson (1991) who analyzed nuclear ribosomal gene sequences from representatives of nine salamander families using the maximum parsimony method. As part of our survey of the Lissamphibia, we included representatives of nearly all salamander familiesmissing only the Hynobiidae, for which we were unable to obtain 12S rRNA sequence information. Our work includes three species also studied by Larson (Amphiuma tridactylum, Cryptobranchus alleganiensis, and Siren intermedia), and the remaining six species differ from those used by Larson (1991 (Fig. 3B) Our data (Fig. 2) indicate that the Sirenidae is a basal lineage but concur with Larson's nuclear data that the three families Rhyacotritonidae, Plethodontidae, and Amphiumidae are more closely related to one another than to other families. Our data suggest [Rhyacotritonidae + Plethodontidae] + Amphiumidae whereas Larson (1991: Fig. 6A) found [Amphiumidae + Plethodontidae] + Rhyacotritonidae. Although our finding that the sirenids are the basal family of salamanders is appealing in that it agrees with morphology, the salamander portion of our tree (Fig. 2) 20  27  21  23  21  34  31  39  39  19  20  23  30  29  28  33  35  24   35  36  24  0  11  19  21  18  25  40  41  32  34  20  32  44  25  25  24  26  18  20  35  34  32  38  22  21  18  23  32  27  28  34  23   49  38  27  23  0  12  14  13  18  39  40  31  33  19  27  43  24  24  23  25  19  21  34  29  35  37  21  22  21  26  31  30  33  33  26   47  39  33  25  18  0  14  17  20  37  44  31  35  19  33  43  20  26  29  27  23  23  36  35  42  39  25  26  27  32  35  32  39  33  30   41  36  21  15  21  23  0  19  26  39  42  29  35  21  29  41  25  22  23  26  21  23  40  35  39  45  27  28  32  36  37  36  41  40  33   51  44  30  31  28  33  25  0  21  38  41  30  32  24  32  42  25  27  28  28  24  24  35  28  38  34  18  25  24  35  32  31  32  34  27   43  35  27  23  35  39  31  31  0  35  44  35  41  31  35  47  32  28  39  31  29  29  32  27  39  39  25  28  21  32  33  32  27  33  26   51  60  54  54  48  50  45  37  34  41  37  28  40  48  35  41  50  39  39  40  35  43  41  37  49  37  34  0  46  39  45  0  36  34  24  0  40  32  24  36  40  25  34  39  36  46  41  38  32  31  23  30  37  23  39  40  32  35  34  26  33  32  26  31  32  24  47  55  47  42  47  40  53  53  51  44  49  46  34  44  33  39  43  35  36  46  36  45  51  44  46  51  39  38  52  38  40  41  35  39  48  46  39  48  38   49  42  30  26  32  36  29  34  37  41  32  29  0  29  44  34  27  29  38  32  28  26  47  44  50  48  33  35  38  45  43  44  45  44  37   53  45  31  34  33  40  34  36  39  37  39  27  34  0  30  38  21  23  26  22  20  20  37  36  41  46  28  33  32  33  37  36  42  40  34   49  46  41  32  43  43  36  42  38  40  36  35  35  24  0  42  34  30  31  29  31  31  49  40  47  48  34  39  42  45  47  46  44  47  41 There has been much discussion about the merits of molecular versus morphological data and whether one should analyze each data set separately or combine all data for the closest approximation to the real phylogeny (Hillis, 1987) . If molecular and morphological data lead to different phylogenetic conclusions, combining data sets merely allows the larger data set to "swamp" information in the smaller data set. Although there are methods available for distinguishing phylogenetic signal from random noise (Hillis and Huelsenbeck, 1992) , there is no objective method for evaluating which data set is inherently "better" (more accurate) when there are strongly supported alternative phylogenetic arrangements. Larson (1991) has reinterpreted and explained morphological data on caudate amphibians in the context of his nuclear ribosomal tree. However, until such time as we derive a robust molecular phylogeny for the salamander families with statistically significant nodes, it seems premature to reanalyze and explain morphological data in the context of any molecular tree. It is clear that more work with greater sampling of nucleotide sites has the potential to provide us with valuable information about caudate phylogeny.
Anura
Our analysis of 20 of the 22 extant frog families is, taxonomically, the most extensive molecular sequence sampling of the Anura to date, yet the results are only preliminary. We presently are extending our study to include data from 16S rRNA as I?3 -EPTLGCLMNC PS3 Our mitochondrial sequence data (Fig.  2) distinguish the Archaeobatrachia and Neobatrachia (sensu Reig, 1958) as separate monophyletic groups within the Anura. Looking first at the Archaeobatrachia, we see that the Ascaphidae is the most basal lineage in this suborder, followed by the Leiopelmatidae. Leiopelma and Ascaphus were each accorded separate family status by Savage (1973) based on their geographic isolation and inferred great age, and again by Green et al. (1980) in recognition of their karyotypic dissimilarities. These latter authors argued that these two genera previously had been mistakenly grouped together based on shared primitive characters and were sufficiently unique to warrant separate family recognition. In our analysis, the most strongly supported sister group relationship within the Archaeobatrachia is seen between the Pipidae and Discoglossidae, which are next joined by the Rhinophrynidae. Traditionally, pipids and rhinophrynids have been classified in the superfamily Pipoidea, with the discoglossids being grouped with Leiopelma and Ascaphus in the subfamily Dis- coglossoidea (Duellman and Trueb, 1986 ). Hillis's (1991) analyses of Cannatella's (1985) data showed support of this traditional view of pipids and rhinophrynids as sister lineages. As none of the nodes in this portion of our tree are associated with very high bootstrap P-values, it is apparent more data will be needed before we can comment further on archaeobatrachian relationships.
Turning to the Neobatrachia, we see two well-supported nodes, one leading to the ranids, microhylids, and hyperoliids, and the other to all remaining frog families included in this study. 
Lynch included the hyperoliid frogs) and the Microhylidae (= Lynch's Ranoidea).
In their analysis of frog family relationships, Duellman and Trueb (1986:473) examined 16 morphological characters for all 22 frog families and indicated the microhylids radiating from a fork leading also to ranids, dendrobatids, hyperoliids, and rhacophorids. However, Hillis's (1991) and our maximum parsimony reanalyses of the same data used by Duellman and Trueb found relatively little resolution within the Neobatrachia. A strict consensus of the 18 most parsimonious trees (Fig. 4) shows a sister group relationship between the Myobatrachidae and Sooglossidae (64% bootstrap) and an unresolved clade of 12 families (66% bootstrap).
Examination of the remainder of our tree (Fig. 2) showed a suggestion of a bufonoid cluster (bootstrap = 68%) containing the Leptodactylidae, Centrolenidae, Rhinodermatidae, Dendrobatidae, Bufonidae, Rhacophoridae, and the Hylidae. This association is highly congruent with that found by Duellman and Trueb (1986: Fig.  17.3 ), but not in our reanalysis of their data (Fig. 4) . Also, in our 12S rRNA tree (Fig.  2) frogs. Lynch (1973) also recognized a superfamily, the Bufonoidea, which corresponds to our grouping except Lynch's study (1) included Pseudis, which we were unable to include in this study (although our unpublished 16S rRNA data associate Pseudis with this lineage) and (2) excluded the Rhacophoridae, which Lynch (1973) included as a subfamily in the Ranidae. Our "bufonoid" grouping contains two sister groups which, although not well supported statistically, are nonetheless intriguing. One, Dendrobatidae + Bufonidae, is an association that has been suggested previously based on morphology (Lynch, 1973) . The other, Hylidae + Rhacophoridae, has not been suggested before, primarily because of skeletal differences in these two families: rhacophorids have a firmisternal pectoral girdle (as in the ranids, for example) whereas hylids have the arciferal type, believed to be more primitive in anurans as a whole (Duellman and Trueb, 1986) . However, despite these internal differences, rhacophorids bear a striking resemblance to hylids in external morphology and behavior. Both hylids and rhacophorids are typically arboreal groups and they often have extensive interdigital webbing. Their complementary, and primarily Gondwanan, distributions may reflect a vicariant origin.
The remaining three families, the Heleophrynidae, Sooglossidae, and Myobatrachidae have been placed in the Pelo- [No. 7 batoidea (Lynch, 1973 :Figs. 3-7) with several other families (e.g., Pelobatidae) not generally associated with one another. Duellman and Trueb's (1986) analysis and our reanalysis of their data (Fig. 4) join the sooglossids with the myobatrachids. However, our 12S rRNA data (Fig. 2) do not show support for that grouping.
In summary, our data show some tantalizing patterns which we are pursuing by gathering more extensive data. When studying such large numbers of taxa, more extensive data sets than this one are needed to define statistically significant nodes in the phylogenetic tree. As the number of taxa increases, the number of sites in a data set must also increase in order to resolve the branching pattern. Our work has shown that the mitochondrial rRNA genes are evolving rapidly enough to provide the nucleotide variation needed for investigating familial relationships of amphibians while multiple substitutions at the same site do not appear to have obscured the phylogenetic signal. Our current studies suggest that expansion of the data set presented here will allow us to address lingering questions in amphibian phylogeny more fully. rNo~~~~~~~~~~~ 7
